The reactivity of selected, industrially applicable, carbonaceous materials towards CO 2 has been investigated. Metallurgical cokes from various locations, single source cokes, and eucalyptus charcoal have been tested for reactivity in a thermo-gravimetric furnace. A graphite sample was added to the experimental plan as a reference.
Introduction
Norway is one of the largest producers of manganese alloys in the world. The production is realized in four smelting plants; three having 2 furnaces, and one having 3 furnaces. The production is focused mainly on siliconmanganese, but ferromanganese is also produced. All the furnaces are electric submerged of the closed construction and are suitable of producing both types of alloy. If the production were switched to purely ferromanganese, total Norwegian output of this alloy would reach 880 000 tonnes per year.
The main objectives of the manganese production are to run the process at the highest possible efficiency with the lowest possible pollution of the environment. The highest efficiency is achieved when the yield of metal is high, and power and raw materials consumption is low. Reduced consumption of raw materials, especially carbon reductants reduces emissions. If greenhouse gases are concerned, 1 tonne of FeMn produced generates 1.3-1.5 tonnes of CO 2 . 1) If renewable carbon sources such as charcoal or woodchips were used instead of fossil materials, the emissions would be reduced to zero for a situation where the production of alloy is running only on the renewable carbon. It has become, therefore obvious to study the properties of various carbonaceous materials in order to provide the best performance of the smelting operation.
Swamy 2) showed that the higher consumption of carbon and energy by the process is associated with the upper part of the furnace shaft where gas-solid reactions take place. One of the reactions responsible for carbon and energy losses is the Boudouard reaction involving carbon and carbon dioxide. The rate of the Boudouard reaction is dependent on many factors including carbon properties, partial pressure of CO 2 and the presence of catalytic compounds of which potassium is the most important. In general, the reaction rate increases with temperature and is higher for carbon of low anisotropy, [3] [4] [5] [6] high surface area, [7] [8] [9] and high partial pressure of CO 2 . 10, 11) The catalytic effect of alkali compounds was confirmed in many investigations with potassium acting as the strongest catalyst.
12,13) Lindstad 14) showed that potassium has a more pronounced effect on the reaction rate than temperature, partial pressure of CO 2 , and particle size (over the range studied).
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The presence of alkali metals and alkaline-earth metals in a furnace has a negative effect on the whole smelting operation. 15) Alkalis are responsible for deterioration of the coke quality, lowering the life time of lining and refractory, and often cause scaffolds. Alkalis are also known for generating high furnace pressures, causing a non-uniform descent of the burden and uneven distribution of gasses. Swelling of the alkali compounds contributes to lower permeability of the burden, mostly due to excessive generation of fines.
Alkalis enter the furnace in raw materials. The most important alkali in the smelting operation is potassium as it is present in significant amounts, is easier gasified and harder to be removed by the slag of all alkalis. Over 90 % of the total potassium input is associated with the ore, while 8 % enters with carbon materials. Even though the amount of alkalis entering the furnace is not high, its concentration can reach a significant level due to the circulation phenomenon in which potassium is gasified in the lower part of the shaft and condenses on the charge particles in the upper part of the furnace.
Swamy 16) used a model to calculate the amount of carbon that is lost due to the Boudouard reaction using catalyzed and uncatalyzed coke samples. Assuming that the reaction is dependent on the Mn 3 O 4 reduction characteristics (hence production of CO 2 by the reduction) in the temperature region of 800-1 200°C, the amount of carbon consumed was calculated to 1.67 kgC/t alloy for uncatalyzed and 14.8 kgC/t alloy for catalyzed reaction. From the above calculation it is clear that the alkali circulation will cause a strong increase in carbon loss due to the catalytic effect of potassium on the Boudouard reaction.
Not only does the Boudouard reaction require carbon directly, but it is also endothermic and will therefore consume energy.
Experimentals

Materials
For the reactivity studies various carbonaceous materials have been chosen. The selected carbons either find their use in the manganese production or are potential materials in the future. As reference materials a graphite sample and single source, laboratory produced, cokes are included. The single cokes originate from single seam coals produced in Poland (St), Australia (PD) and the USA (BG) with mean random reflectance of vitrinite equal to 0.74 %, 1.32 %, and 0.77 %, respectively. The coking procedure and the properties of the parent coals used to produce the single cokes are given elsewhere. 17) In general, low rank coals are not suited for direct use in the ferromanganese production as they generate excessive amounts of volatiles and are usually highly reactive. They are, however, used in cokemaking for blending with high rank coals.
The commercial cokes were produced in Poland (PBC), Russia (RBC) and England (BBC) from unknown blends of coal.
The charcoal sample was produced from eucalyptus trees growing in Brazil. This charcoal is widely used in Brazil in the production of ferroalloys.
The referance graphite is a IG-11 type and was purchased from Toyo Tanso Inc.
Procedures
The Boudouard reactivity was assessed using a thermogravimetric furnace. A detailed description of the reactivity apparatus can be found elsewhere.
11) A carbon sample was placed in a sealed crucible and inserted into a vertical retort furnace. When the temperature of the sample reached the desired temperature the inert gas was replaced with pure CO 2 or a mixture of CO 2 and CO. The change in mass was monitored during the experiment and used to calculate the reaction rate.
The Boudouard reactivity used to compare the different materials was measured on a 50 g sample that was jawcrushed and sieved to the size range between 1.68 and 3.35 mm. The initial temperature at which pure CO 2 was introduced into the crucible (T 0 ) was 1 000°C and the flow rate of the gas was 5 NL/min.
For the reactivity tests in 50%CO 2 -50%CO mixture, 40 g of the sample material was used. The sample size was increased to 3.35-4.75 mm and the total flow rate decreased to 4 NL/min.
The Boudouard reactivity of alkali catalyzed cokes required impregnation of the samples by potassium. The impregnation method was developed at NTNU for testing the resistance of carbon electrodes in aluminum industry and details are given elswhere.
18) The potassium content after the impregnation was measured by Inductively Coupled Plasma Mass Spectrometry (ICP/MS).
The reactivity measurements of the impregnated samples was carried out at conditions identical to the conditions used for the reactivity measurements in CO 2 -CO mixture. However, the particle size was increased to 4.75-6.68 mm, mainly due to difficulties with impregnation of small particles. In order to be able to compare the reaction rate of impregnated samples to that of non-impregnated samples, a series of reactivity tests for non-impregnated samples in the same size range as impregnated samples was conducted.
The reaction rate of coke towards CO 2 (3) where M tot is the total mass of the coke sample, and C Fix is fixed carbon in the coke.
Results and Discussion
Sample Characterization
Selected properties of the carbonaceous samples are presented in Table 1 . The properties of the parent coals used to produce the single cokes are given elswhere. 19) It can be seen from the table that values of all the important parameters for the metallurgical applications are within a commonly accepted range i.e. sulfur and ash content are both within the limits. BG shows exceptionally low amount of ash and the highest carbon content.
The BG coke was produced from a coal of similar rank as St. However, the ash content and the composition of these two cokes is dramatically different and thus it is expected that BG and St will give different Boudouard reactivity.
The image analysis used to determine the crystallinity of the cokes showed that the single cokes produced from similar, low rank coals have low anisotropy. Microscopic observations in polarized light revealed mostly isotropic carbons of binder phase with incipient anisotropy present in some areas. Such a low crystallinity is in agreement with the rank of their parent coals. 20) Since the isotropic carbon structure is known to be highly reactive, 21) it is expected that the Boudouard reaction rate of BG and St will be high.
Blended cokes have in general similar properties as they are produced by blending coals of different rank to specified requirements.
The properties of the charcoal used in the study are typical with low ash content and high amount of volatile matter. High volatile matter is the main disadvantage of charcoal to be used in manganese smelting operations carried out in closed furnaces. 2 The Boudouard reactivity in pure CO 2 presented as fractional carbon conversion with time is shown in Fig. 1 with the reaction rates lised in Table 2 . The associated uncertainty was calculated based on three replicates (parallel experiments showed variation less than 5 %).
Reactivity in Pure CO
From the results it is seen that charcoal has the highest reaction rate of all carbonaceous materials. The lowest reactivity was recorded for graphite and highly anisotropic PD single coke. It can also be noticed that the reactivity of St and BG coke is significantly different even though they originate from similar rank coals.
Rectivity in CO 2 -CO Mixture
For the reactivity measurements in CO 2 -CO mixture and for the potassium impregnation only the single cokes and metallurgical commercial cokes were used. The results from the reactivity tests in 50%CO 2 -50%CO mixture are presented in Table 3 .
As expected, the reaction rate for diluted CO 2 with CO (Table 3) is generally lower than for pure CO 2 (Table 2) . However, the direct comparison of the results from those two experiments should be taken with caution as the experimental conditions were slightly different. The reaction rates from these experiments were compared with the coke properties listed in Table 1 and properties of the parent coals (reflectance of vitrinite and the amount of infusible inert organic compound). A poor fitting was found for the most of the properties, except the alkali index for which a trend of increasing reaction rate with increasing alkali index was is presented in Fig. 2 .
However, if the cokes are considered separately, it is possible to understand why the cokes have been reacting differently. The St coke exhibited exceptionally high Boudouard reactivity. Its highest reactivity can be attributed to the properties of its parent coal and the resulting coke. The St coke was produced from low rank coal with high concentration of inert macerals. These two facts suggested high reactivity of the resulting coke as the low rank promoted the development of weak anisotropy and the high amount of inert macerals contributed to higher surface area. In addition, inert macerals produce highly reactive coke components. 17) High BET surface area provides a better utilization of pore surface area for the reaction. In addition, most of the carbon is present in isotropic form and therefore carbon atoms are easily detached from the coke structure. The chemical analysis of ash showed a very high concentration of basic oxides which are often reported to catalyze the reaction and which were found to influence the reaction rate in the course of these experiments.
The BG coke was produced from a high volatile bituminous coal of similar rank to St. The isotropic structure suggested its high reactivity; however the reactivity was much lower than that found for St. Low alkali index, together with low surface area and low amounts of small pores probably suppressed the effect of low anisotropy.
The third, PD coke, originating from medium rank coal, reacted slowly. Here, the presence of large carbon forms being the result of higher rank of the parent coal, together with low alkali index and low surface area helped in retarding the detachment of carbon atoms from the carbon mass.
The commercial cokes also varied in reactivity. The RBC coke has the highest reactivity as it has the highest surface area. In addition, the alkali index was high and the structure was not as anisotropic as the other commercial cokes. The BBC coke had the lowest surface area and high anisotropy. In addition, the alkali index was extremely low, thus the catalytic effect of ash components was negligible. As the result the BBC coke exhibited the lowest reactivity.
Reactivity of Impregnated Samples
Potassium concentration and composition of the deposited potassium compound were measured using ICP/MS and EPMA, respectively. An SEM micrograph showing deposited potassium compound is presented in Fig. 3(A) and composition map of the deposits in Fig. 3(B) .
Five points were selected from a sellected deposited ring for quantitative analysis. Average values gave a formula K 4.6 CO 8.1 , thus suggesting that potassium present on the coke surface after the impregnation has the form of potassium carbonate. For the impregnation larger particles were used (4.75-6.68 mm) due to experimental difficulties with smaller particles. Therefore the reactivity was measured before and after the impregnation. The reactivity plots for impregnated and non-impregnated samples are presented in Fig. 4 .
Comparing Table 3 and Table 4 it is seen that the initial (dX/dt COϩCO 2 ) reactivity is similar for the two particle size ranges used. It indicates that the particle size in the size range between 3.35-6.67 mm does not influence the reactivity significantly.
As shown in Fig. 4 , the reactivity of impregnated samples is significantly higher than the reactivity of non-impregnated ones. The initial linearity of the conversion versus time plots is preserved in the impregnated samples, but the departure from linearity occurs faster indicating that the linear behavior is a function of carbon conversion.
The reaction rate order is preserved after the impregnation. For example, cokes that are of the lowest reactivity have also the lowest reactivity after the impregnation.
The reactivity of the impregnated samples increased from 3 to almost 25 times the initial reactivity. The highest increase was recorded for the low reactive cokes (PD, BG and BBC), while the lowest increase exhibited the higher reactive cokes. A visible feature is that the absolute increase in the reactivity due to the impregnation is similar for all the cokes and equals around 14 [10 Ϫ3 /min], Table 4 . This shows that the investigated cokes keep their initial reactivity and that the effect of potassium simply can be added.
In order to verify whether the reactivity increase was not affected by CO 2 starvation (not enough CO 2 for the given reactivity), a simple calculation was performed. The amount of CO 2 in the outlet was calculated based on the minimum required amount of CO 2 for the given reactivity, carbon mass in the coke, flow rate and the partial pressure of CO 2 . The results showed for the highest reactive coke (St) the amount of CO 2 in the outlet from the crucible was 34.2 % from 50 % in the inlet. This means that the amount of CO 2 in the system was in excess for the impregnated samples in the conditions used.
In the literature, two different mechanisms explaining the role of catalysts in the carbon gasification are often proposed. Audley 22) and Kapteijn 23) suggested that the catalysts act by increasing the amount of active sites. Jalan 24) and Deventer 25) observed a dramatic decrease in activation energy for the impregnated samples and suggested that the lowering of the activation energy is the main mechanism for the catalyzed gasification of carbon. In order to examine the activation energy of the impregnated samples, a series of reactivity tests at various temperatures was carried out. The activation energies before and after the impregnation are presented in Table 5 .
The activation energy of the impregnated samples was never higher than the activation energy of the non-impregnated samples. For the most reactive, St coke, the impregnation did not significantly change the activation energy. This fact supports the theory in which catalysts act by generating additional active sites on the carbon surface. However, in the case of PD, the activation energy dropped significantly. This supports the theory where the catalyst acts by lowering the activation energy.
Based on three samples only, no statement can be made on the change of activation energy before and after the im- 4 . Reactivity plots for potassium-impregnated and nonimpregnated samples. T 0 ϭ1 000°C, gas composition: 50%CO 2 -50%CO, particle size: 4.75-6.68 mm. Table 4 . Boudouard reactivity comparison of impregnated and non-impregnated cokes in CO 2 -CO mixture. pregnation. It can be, however concluded that the change of the activation energy is likely to be dependent on the inherent properties of the coke.
Summary
The Boudouard reaction rate is affected by the type of carbonaceous materials. The highest reactivity in pure CO 2 was recorded for the eucalyptus charcoal, followed by the low rank and high ash single source coke. Metallurgical cokes are similar with relatively low reactivity. The lowest reactivity was found for graphite and high rank single source coke.
The best correlation between the reaction rate and various properties of the material was found for alkali index i.e. the amount of catalytic compounds in the ash.
Impregnation of the coke with potassium resulted in formation of potassium carbonate on the coke pore walls. The Boudouard reactivity of impregnated samples was significantly higher than for the non-impregnated ones. The reaction rate of impregnated samples was as much as 25 times higher. The absolute increase due to the impregnation was similar for all the cokes and was about 14 [10 Ϫ3 /min] for cokes impregnated to about 5 wt% K. This indicates that the increase in the rate caused by potassium impregnation simply can be added to the initial reactivity of the coke.
For two out of three impregnated single cokes, activation energy was the same as for the non-impregnated samples indicating that potassium increases the number of active sites. However, at this point no statement can be given regarding the mechanism of the catalysis.
